Monte Carlo transport codes have been used to model the detector blur and energy deposition in various detector geometries for applications in MeV radiography. Segmented scintillating detectors, where low Z scintillators combined with a high-Z metal matrix, can be designed in which the resolution increases with increasing metal fraction. The combination of various types of metal intensification screens and storage phosphor imaging plates has also been studied. A storage phosphor coated directly onto a metal intensification screen has superior performance over a commercial plate. Stacks of storage phosphor plates and tantalum intensification screens show an increase in energy deposited and detective quantum efficiency with increasing plate number, at the expense of resolution. Select detector geometries were tested by comparing simulation and experimental modulation transfer functions to validate the approach.
INTRODUCTION
Due to the high penetrating power of megavolt (MeV) radiation, MeV radiography is an effective way to image thick and/or dense objects. In radiation therapy, linear accelerators (LINACs) are used to produce x-rays at energies up to 25 MeV in order to shrink tumors and kill cancer cells. The x-ray beam can be used to check the geometric accuracy of the treatment by way of a transmission radiograph, known as portal imaging. Other applications of MeV radiography include weld inspection, border security inspection of large cargo containers and non-destructive testing.
Low energy radiography has been extensively studied since x-rays were invented, the physical processes of MeV radiography is not nearly as widely understood. In particular, the detector blur (or resolution), which is a direct result of Compton scatter has not been carefully studied.
There are three dominant interactions of x-rays and gamma-rays with matter, the photoelectric effect, Compton scattering and pair production.
2 Each of these processes lead to complete or partial conversion of the photon energy to electron energy. The probability of each of these processes occurring depends on the incident photon energy and atomic number (Z) of the interacting material. The relative importance of the three interactions is shown in figure 1 , where the dominant areas are separated by lines where the two neighboring cross-sections are equal. For the ∼100 keV energies used for medical imaging and other conventional radiography the dominant matter interaction process is the photoelectric effect. Blur at these energies is typically dominated by the source spot size. At higher energies, between 500 keV and 10 MeV, the matter interaction is dominated by Compton scattering, where the incident gamma or x-ray interacts with a bound electron in the material, causing the incident photon to be elastically scattered along with the electron. The emitted Compton electron can be absorbed by the detector, further ionize other electrons, or produce secondary bremsstrahlung. Blur at these energies is caused by the long-range scattered photon, the Compton scattered electron and the secondary bremsstrahlung. Above 10 MeV pair production becomes dominant. In this interaction the incident photon is absorbed by the material and an electron, positron pair are formed. The electron is locally absorbed by the material, but the positron causes annihilation radiation where two photons (of energy 0.511 MeV) are emitted at 180 degrees to each other. Blur in this process is caused by the long range of the two annihilation photons. In portal imaging the image quality at MeV energies is very low due to the low contrast between bone and tissue at MeV energies, and because only a small fraction of the x-rays interact with the detector (typically an amorphous silicon array). To improve the x-ray absorption, metal plates combined with phosphor screens are used to transform some of the MeV x-rays into optical light which can be absorbed by the detector.
3-6 The same concepts are applied to other MeV radiography applications, such as weld inspection, where dense and or thick objects need to be imaged. [7] [8] [9] The radiograph is typically quantum limited 10 due to the large fraction of x-rays passing through the detector. One solution to this is to combine metal plates with storage phosphor imaging plates to capture the image. In this case the electrons produced from the interaction of the x-rays or gamma-rays with the metal screen are absorbed by the imaging plate.
In the context of this work, the relevant processes that blur an image include, Compton scatter, secondary bremsstrahlung, electron scatter, visible light scatter, source spot size, and optical blur. Some of these processes can be simulated and others must be measured to get a correct representation of the detector blur. Monte Carlo simulations have been shown to be an effective tool for understanding the detector modulation transfer function (MTF). 3, 4, [6] [7] [8] [9] In this study, blur for various detector geometries at MeV energies has been modeled using Monte Carlo simulations, and experiments have been performed to validate these simulations.
SIMULATION PROCEDURE
Monte Carlo simulations were performed for various detector geometries and incident photon energies using the CYLTRAN package from the Integrated Tiger Series (ITS) electron/photon transport codes.
11 CYLTRAN is a 2D cylindrically symmetric transport code which is well suited to this problem.
The simulations presented in this work were run with a 10 mm radial zone which is split into 2000 segments, a step size of 5 µm, using mono-energetic photons in the range 1 -20 MeV generated from a point source. 50 million photons were followed, with a typical run time of approximately 30 minutes on an Intel Xeon 3.10 GHz CPU with 16 GB RAM.
The ITS output produces a file of energy deposited in each segment, which is analogous to the point spread function (PSF) of the detector, and is used to determine the modulation transfer function (MTF). The MTF is a frequency space representation of the blur/resolution of a linear system. 13 In this work, a pre-sampled MTF has been calculated by sampling the system at a high rate (5 µm steps) to avoid any aliasing from the effects of finite pixel size. To avoid geometric aliasing effects, the segmented detectors have been modeled as a homogeneous mixture; a suitable simplification as long as the pixel size is well below the Nyquist rate defined by the MTF.
The MTF and PSF are related by the linear transforms as shown in figure 2. An Abel transform is used to calculate the LSF from the PSF, 12 which is a simple numerical integration,
where r is the radial distance, and x is the linear distance. Assuming the function PSF(r) is constant over the region [x, x + ∆x], equation can be written as,
where ∆r is the step size. The MTF is related to the LSF by a discrete Fourier transfrom.
Monte Carlo simulations were performed for scintillators, segmented detectors composed of tungsten and scintillator, and metal foils with storage phosphor plates. Table 1 shows properties of the materials that were studied. figure  3 . The shape of the MTF curves, particularly for the 40 mm thick LSO at energies below 5 MeV show multiple inflection points, which are likely caused by the multiple scattering and absorption processes involved.
A convenient way to compare the trends at all energies and thicknesses is to plot the resolution at a given MTF value as a function of photon energy. The resolution at 50% MTF was chosen because it is a common bandwidth cut-off in linear system theory, and has a low degree of uncertainty due to the high slope of typical MTFs at that point. Figure 4a shows the resolution at 50% MTF for the LSO scintillator as a function of photon energy for the various thicknesses. The general trend is the resolution decreases as the photon energy is increased, which is caused by the increase in multiple scattering events with higher energies. For very thin scintillators (predominately seen in the 1 mm thick LSO) the resolution initially decreases with increasing photon energy, until around 7 MeV where the resolution increases with a further increase in photon energy. The increase in resolution is caused by higher energy photons having a narrower scattering angle which leads to single scattering events becoming dominant. This counterintuitive effect is discussed further in section 4.
The energy deposited 4b increases with both increasing photon energy and increasing thickness. The 40 mm thick LSO shows a lower energy deposited per unit volume as compared to the 10 mm thick LSO.
Glass scintillator
Glass scintillators are an interesting alternative to the expensive high-density crystal scintillators, such as LSO. Glass also has an advantage that it can be pulled into fibers allowing for easy integration in segmented detectors, or for fiber optic faceplates. Simulations have been performed for a glass scintillator based on the IQI-301 scintillating glass.
17 IQI-301 (referred to as "glass" in this study) has an intermediate density (3.8 g/cm 3 ) due to the relatively high fraction of gadolinium.
The glass and LSO scintillators have been compared with equal line-of-sight (LOS) mass, equating the product of the thickness and density for both materials. Figure 5 shows the resolution and energy deposited as a function of photon energy for various glass thicknesses compared to the equivalent LOS mass thickness of LSO. The glass resolution at 50% MTF decreases with increasing glass thickness, as was seen for the LSO scintillator. At low photon energies in thin scintillators, the LSO has a far superior resolution compared to the same LOS mass of glass scintillator. As the photon energy is increased, the glass thin scintillator shows a higher resolution than the LSO (above 6 MeV for the 2 mm thick glass), which is attributed to the lower amount of secondary bremsstrahlung created in the thin, low-Z, low-density material. For thick scintillators, LSO has better resolution at all energies because of it's higher Z. The energy deposited (figure 5b) in the glass scintillator, is lower at all thicknesses compared to the corresponding LOS thickness of LSO scintillator, caused by the lower density and effective Z of the glass.
Segmented detectors
A segmented detector combines the high stopping power of a high-Z, high-density material with the light output of a scintillator to improve the image quality. The mechanisms behind the improved image are, production of a planar image by the scintillator light-pipes, isolation of the optical scatter, and an increase in the detector density. An example of a segmented scintillator is given in figure 6 which shows the current DARHT scintillator. 18 The DARHT segmented scintillator consists of polished LSO crystals (1 x 1 x 40 mm
3 ) inter-spaced with very thin (0.1 mm) stainless steel septum. In these simulations tungsten was chosen over stainless steel as the metal for the segmented detector due to its higher Z and density. Both LSO and glass scintillators have been modeled. Figure 7 shows the resolution and energy deposited as a function of photon energy for different volume fractions of tungsten and LSO. The detector is set at 10 mm thick and the volume fraction of LSO varies from 25 to 100%. As the fraction of tungsten is increased the resolution increases, as a result of the high-density tungsten decreasing the spread of the long-range photons. The energy deposited also increases with the increased fraction of tungsten, due to the higher stopping power of the tungsten. However, these results cannot be used to infer the sensitivity of the detector as the energy deposited in the tungsten does not directly produce the output light that would be recorded in a real situation. The statistics of this process are the subject of ongoing work. Figure 8 shows the results of a segmented detector with glass as the scintillating material. The resolution curve for the 100% glass detector shows an upturn at higher photon energies, which is caused by the low density of the glass scintillator as discussed in section 3.2. As the volume fraction of glass is decreased this upturn disappears due to the increased density (the density is increased from 3.8 g/cm 3 with 100% glass to 7.68 g/cm 3 with 75% glass). As seen with the LSO segmented detector, as the fraction of tungsten is increased the resolution increases due to the decrease spread of the long-range photons. The energy deposited in the detector also increases with increasing tungsten fraction, for the same reasons as seen for the LSO segmented detector. 
Metal intensification foils with storage phosphors
Commercially available storage phosphor imaging plates, normally designed for low energy radiography, are also used for MeV radiography. However, due to the very thin active layer (approximately 300 µm) and the low density (approximately 3 g/cm 3 ) the quantum efficiency of the storage phosphor plate is very low, typically less than 1%. 19, 20 One way to increase the absorption of the high energy radiation is to use high-Z, high-density, metal intensification foils. These metal foils convert the incoming MeV radiation into a shower of Compton electrons which can be absorbed by the imaging plate. Figure 9 shows two such geometries, a commercial storage phosphor plate sandwiched between two metal foils, and a storage phosphor paint which is applied to one of the foils and sandwiched between another metal foil. A sandwich structure can be used to attenuate backscattering from the external surroundings (e.g. scattering from the room walls).
The resolution and energy deposited between different thicknesses of lead and tantalum intensification foils is shown in figure 10 . These plates are stacked as shown in figure 9 , with the indicated metal foil thickness on both sides of the storage phosphor plate. The resolution curves show a cross-over where the effects of density and Z on the material cross-sections change significance (e.g. lead has a higher Z than tungsten, but a lower density). At low energies the tantalum has better resolution than the lead, suggesting density is the dominant effect. At higher energies where Z becomes the dominant effect, the resolution curves cross (e.g. 6 MeV for the 250 µm thickness) and lead has higher resolution than tantalum. Another way to compare the types of metal foils is by LOS mass, shown in figure 11 for tantalum, lead, platinum and tungsten foils. The tantalum thickness has been set at 500 µm and the platinum, tungsten and lead foils have been calculated to be 388, 434, and 735 µm respectively. For the same LOS mass platinum has the highest resolution, followed closely by tungsten and tantalum, with lead having the lowest resolution. This performance mimics the trend in density, where the order from highest to lowest is platinum, tungsten, tantalum and lead. For the energy deposited, the lead is the highest, followed by platinum, tungsten and tantalum. This suggests that the product of the density and thickness (which is constant) is not the only factor in energy deposited, Z also contributes. The trend of decreasing energy deposited in fact follows the trend in decreasing Z, with lead having the highest Z followed by platinum, tungsten and tantalum.
An issue with storage phosphor plates used at high energies is that the backing layer can lead to a lower resolution due to backscattering from that layer and the transport of a large amount of secondary particles in the low-density low-Z layer. A solution to this problem is to coat a storage phosphor directly onto the metal intensifying foil, thereby eliminating the low-density backing layer entirely. The effect on resolution of the storage phosphor plates versus the storage phosphor coated directly onto the metal foil is shown in figure 12 . The storage phosphor coating has been modeled as the same thickness of the active storage phosphor layer (300 µm), but does not have the 250 µm PET backing layer. For both the tantalum and platinum coating an improvement is seen in both the resolution and the energy deposited. The resolution is lower with the backing layer because it allows lateral transport of high-energy particles over very long distances because both the Z and the density are low. These high-energy particles can re-enter the active storage phosphor layer far from the point of incidence, creating blur. The energy deposited is higher in the paint case as any backscattered particles from the metal foil are now likely to be absorbed in the paint layer and not the plastic backing as in the plate case.
A technique used to increase the quantum efficiency in storage phosphor plates is to stack a large number of plates with metals foils in between.
20 A stack of ten storage phosphor plates inter-spaced with 500 µm thick tantalum foils has been simulated. The results of a stack compared to a single plate (with a 500 µm tantalum foil front and back) are shown in figure 13 .
The first storage phosphor plate of a stack has a lower resolution than a single plate, particularly at energies above 5 MeV. This degraded resolution is due to the secondary particles created in the stack which are backscattered into the first plate, increasing the blur. Conversely the energy deposited in the first plate of a stack is higher than for a single plate, again due to more backscattered energy being deposited in the plate.
In the stack of plates, the resolution in general decreases with increase plate number. The resolution stabilizes at approximately the 5th plate, until the last plate (10th) where a slight increase in resolution at higher energies can be seen. The initial decrease in resolution is caused by a combination of backscattering of particles from the lower plates and the blur caused by the initial high energy photons. The resolution stabilizes because the medium becomes effectively homogeneous to the high-energy photons. The increase in resolution for the last Photon energy (MeV)
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(a) (b) Figure 13 : (a) Resolution and (b) energy deposited of stack of 10 storage phosphor plates interspaced with 500 µm thick tantalum foils, and a single plate with 500 µm tantalum front and back.
plate is due to the lack of further plates in the stack generating blur from backscattered particles. The energy deposited in each phosphor increases through the stack, reaching a maximum at approximately the 5th plate, corresponding the resolution stabilizing. The energy deposited reaches a maximum as this is the furthest the incident high energy photon reaches in the plate stack. For plates after this point the energy deposited decreases because the energy deposited is not mainly due to the generation and absorption of secondary particles. Curves such as those shown in figure 13 can be used to properly weight the averaging process, and the number of plates in the stack to obtain an improved pack resolution and quantum efficiency.
Experimental results
MTFs of storage phosphor plates combined with metal intensifying foils were obtained to verify simulation data. A tungsten test grid with spatial frequencies from 0.1 to 2.5 lp/mm was used to obtain resolution information. The source was a 4 Curie cobalt-60 which equally produces 1.17 and 1.33 MeV gamma rays. It was placed 1.5 m from the storage phosphor/plate combination for a time of 1 minute (approximate dose of 200 mR, 2 mSv). The storage phosphor plate was read out using a ScanX Scout imaging plate reader.
Two storage phosphor and metal foil combinations are reported, one based on lead and one on tantalum, the configuration of these packs are shown in figure 14 . A refrigerator magnet is used in the tantalum configuration to reduce the air gap between the metal foil and storage phosphor, to create a novel type of compression pack. The use of a magnet requires a thin steel layer to be bonded to the tantalum, as the tantalum itself is not magnetic.
The resulting radiographs of the tungsten test grid are shown in figure 15 . Comparing the two images shows that the lead configuration has a higher sensitivity at a much reduced resolution compared to the tantalum configuration.
Experimental MTF curves can be calculated from the test grid bar pattern. Line outs perpendicular to the bar are taken, and the corresponding difference between the maximum (white) and minimum (grey) are recorded. As the bar pattern is a square wave and not sinusoidal varying, the resulting amplitudes are known as the contrast transfer function (CTF). Given the CTF, the MTF can be obtained by a simple series expansion A known as the Coltman formula,
where f is the spatial frequency.
The magnification of the experimental setup was measured to be 1.05, resulting in the frequencies on the object plane being reduced by 5% on the storage phosphor plane.
Simulation results were corrected for the source spot size and imaging plate optical blur by,
The imaging plate MTF was obtained from the product datasheet, 22 and includes optical scattering effects from diffuse visible-light scatter within the phosphor layer. The Co-60 source used is a uniform disk of diameter 5 mm. The MTF can be calculated using the known source distribution shapes 23 which gives,
where f is the spatial frequency and a the radius of the source.
The experimental MTFs have been determined for the two configurations and compared to corrected simulation results, shown in figure 16 . Also included is corrected simulation and experimental results for a 1 mm thick LSO scintillator, the experimental data was taken from Watson et. al.
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For lead (figure 16a) the experimental MTF is much lower than the corrected simulation MTF. The main factor of this discrepancy is the air gap between the lead foils and storage phosphor plate which has not been taken into account in the simulation, but nonetheless creates a free path for secondary particles to blur the image. Mitigation of this latter effect is the primary reason behind x-ray compression packs. Another effect which has not been modeled is the finite width of the scanning laser, which increases the blur in the experimental results.
The tantalum configuration (figure 16b) shows a small difference between experimental and simulated MTF, which is again attributed to a small air gap between metal foil and imaging plate. This difference is much smaller than seen in the lead case, suggesting the differences in experiment and simulation is dominated by air gap, with the lead having a larger gap.
Excellent agreement between the experimental and simulated MTFs is seen for the 1 mm thick LSO scintillator (figure 16c). In this case there is no air gap, again verifying the air gap and laser width explanation for the two metal foil configurations. 
DISCUSSION
For thin detectors (LSO and glass scintillators in figures 4a and 5a respectively) the resolution curves have an interesting feature, where the resolution initially decreases and then increases with increasing photon energy. The initial decrease in resolution is caused by the Compton scattered photon scattering multiple times and traveling long distances in the plate. As the photon energy increases there is more energy to create secondary particles, and the resulting gamma-ray can travel large distances, scattering multiple times, decreasing the resolution. For thin detectors, as the photon energy increases further, angular effects become more dominant. With Compton scattering (the dominant process at these energies) an incident photon with energy E, scattering off an electron of mass m e at rest, the scattered photon of energy E is scattered at angle θ according to,
The probability of a scattered photon at a particular angle is given by the Klein-Nishina formula 24 written in terms of photon energy is,
This probability of scattering is plotted in figure 17 for different incident photon energies. As the incident photon energy is increased the angular distribution becomes more forward peaked. The combination of a thin detector, and the increasing forward scattering of the photon means the resulting photon is likely to leave the detector without any further latteral scattering, hence the resolution is increased.
Including a high density, high Z metal such as tungsten, to develop a segmented detector, will improve both the resolution and energy absorbed of a conventional scintillator. The resolution is increased because it reduces the lateral spread of the long range photons. The energy deposited is increased because the high-density material converts the high energy gamma rays into electrons which can be absored by the scintillator.
Segmented detectors have been studied as homogeneous mixes of materials. While this is a good indication of the results that can be expected with a segmented detector, it does not correctly model the energy absorbed in the scintillator material, which more closely corresponds to the quantum efficiency. To do this would require a true 3D code, such as MCNP or GEANT. Work on developing a 3D model is currently being investigated and will be the basis for further study on these detectors. Metal intensification foils can be used in conjunction with commercially available storage phosphor imaging plates for high energy radiography. The metal foil converts the high energy photons into PE or Compton scattered electrons which can be absorbed in the storage phosphor plate. Thick foils show a lower resolution than thin foils due to the Compton scattering process also producing long-range scattered gamma-rays. These gamma-rays can travel long distances in the plate causing blur. Thicker foils show a higher energy absorbed in the storage phosphor plate, due to the higher stopping power of the thick foil converting more Compton electrons to be absorbed in the plate. Improved resolution is obtained from high density metal foils, such as tungsten and tantalum.
The resolution and energy deposited can be further increased by removing the plastic backing layer of the storage phosphor plate. The backing layer generates secondary particles which causes blur, as well as absorbing energy from the back metal foils. One way to remove the backing is to create a storage phosphor paint which can be directly coated onto the metal foils.
CONCLUSIONS
Monte Carlo codes have been demonstrated to predict the MTF of a variety of scintillator geometries and types. For thin detectors the resolution is dominated by single-scatter events. High density mixtures of tungsten and scintillator have much better resolution than scintillator alone. For equivalent LOS mass, the resolution is dominated by metal density and the energy deposited follow material Z. Eliminating the plastic layer on storage phosphor plates (for example, with a coating directly onto metal) makes a significant improvement in resolution. Experimental results agree with simulation results within uncertainties, validating the Monte Carlo simulations as a useful tool in detector design.
